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We present preparation of asymmetric grating with higher diffraction efficiency in quantum dot molecules by combin-
ing the tunneling effect and parity-time antisymmetry. In the presence of tunneling between two quantum dots, the system
exhibits the striking PT antisymmetry via spatially modulating the driving field and the detuning with respect to the driven
transition. For this reason, the asymmetric grating could be achieved. The results show that the diffraction efficiency can be
adjustable via changing the driving intensity, detuning, tunneling strength, and interaction length, and then the high-order
diffraction can be reached. The scheme provides a feasible way to obtain the direction-controlled diffraction grating, which
can be helpful for optical information processing and realization of controllable optical self-image.

Keywords: asymmetric diffraction grating, PT antisymmetry, tunneling effect

PACS: 42.50.Gy, 32.80.Qk

1. Introduction

As an optical element with periodic structure, the grating
can diffract the incident light beam to a high-order diffrac-
tion direction, which has important applications in the field of
industrial production and has also been widely concerned by
researchers in the quantum field.!!! By replacing the traveling-
wave field with the standing-wave field in an electromagnet-
ically induced transparency (EIT) system,!>3! in which the
absorption and dispersion become spatially periodic, electro-
magnetically induced grating (EIG) has been presented*]
and could provide the potential applications in quantum op-
tics and laser physics.!”=! For the probe resonance in the EIT
medium, the dispersion is negligibly small with the trans-
parency window and the medium acts as an amplitude grating,
which leads to low-efficiency diffraction in the high-order di-
rection. While the probe detuning appears, the dispersion will
be enlarged with the small absorption and the grating could
be formed. To improve the high-order diffraction intensities,
the schemes for phase grating have been presented in different
systems.[10-15]

Recently, the optical systems provide a versatile platform
for the study of non-Hermitian physics with respect to parity-
time (PT) symmetry and PT antisymmetry.!'*23 In particu-
lar, coherently prepared multilevel atoms may open up new
opportunities for manipulating light in non-Hermitian optics,
due to their easy reconfiguration, flexible tunability, actively
control techniques, and enhanced nonlinear effects. Based on
spatially modulating the refractive index with gain and ab-
sorption, the optical PT symmetry with n (x) = n* (—x) in the
given direction has been theoretically and experimentally in-
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vestigated in laser-driven multi-level atomic gases.!?*~2%! Tt is
found that PT symmetry could be used to generate asymmetric
diffraction grating.[*’-3%1 As the counterpart of conventional
PT symmetry, PT antisymmetry satisfying n(x) = —n* (—x)
has been investigated in the driven atomic systems, [26-31-34]
which does not require optical gain and relaxes the condi-
tion of the interplay of gain and loss. PT antisymmetry
has motivated various practical applications including unidi-
rectional reflectionless,*! constant refraction,?>! Hermitian

(36

scattering, 1 and coherent switch.[37! Most recently, PT an-

tisymmetry is applied to explore asymmetric diffraction grat-
ings in the Rydberg system!3! and atomic lattices.[*"]

In parallel, semiconductor quantum dots have attracted
a great deal of attention due to their distinct features!*0-4?]
and are widely used in quantum optics to realize many
interesting phenomena such as electromagnetically induced

[43]

transparency, four-wave mixing,[*¥ transfer of optical

Vortices,[45J and resonance fluorescence. 40! Importantly, the
system of quantum dot molecules (QDM) formed via tun-
neling effect in two or more quantum dots has been brought

47-51

into focus in recent years,[ 1'in which electrons can tunnel

through the potential barrier between quantum dots. The tun-
neling effects between quantum dots play an important role in
inducing coherent quantum phenomena such as slow light, %!

31 tunneling induced absorption, ¥

[55

Kondo-peak splitting, !

tunneling-induced transparency,®> and manipulation and ex-

change of light.[5¢!
Here, we investigate the properties of asymmetric light
diffraction via the optical PT antisymmetry in the QDM sys-

tem with the four-level structure, where the tunneling occurs
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between two quantum dots. Based on the spatial modulations
of the driving field and driving detuning, the symmetric ab-
sorption and antisymmetric dispersion in the space are exis-
tent, which lead to the presence of PT antisymmetry. The re-
sults show that the asymmetric grating with high intensities in
both the first-order and high-order directions are obtained via
properly choosing the system parameters. Furthermore, the
diffraction direction among the negative or positive orders can
be controlled by changing the sign of the modulating detun-
ing. Our scheme may be served as powerful building blocks
for developing novel photonic devices and implementing the
information processing.

2. Model and equation

We consider a system of asymmetric double quantum
dots, where two individual quantum dots are coupled by tun-
neling. Such a system can be treated as a four-level system and
it is shown in Fig. 1(a). A weak traveling-wave probe field
E, with frequency @, probes the transition of ground state
|1) to excited state |2), and a standing-wave driving field E,
with frequency @, acts on excited state |3) and excited state
|4). The tunneling of two quantum dots exists between the
transition |2) <+ |3). The Rabi frequency of the probe and
driving fields are Q, = 12 - Ep/h and Q. = Qpsin(7x/A)
with Qo = p34 - E /h, respectively, where p;; is the associated
dipole transition matrix element from state |i) to |j) and A is
the spatial period of the standing-wave driving field. Then, the
Hamiltonian in the rotating frame and under the rotating-wave
approximations is given by (& = 1)

Hy = Apyon + (Ap + 032) 033+ (Ap + 032+ Ac ) Ous
—(Qp621+TeC723 +Q.043+H.c.), (1)

where A, = a»1 — @p is the detuning of the probe field, and
Ac = y3 — @ is the detuning of the driving field; ®;; is the
transition frequency between levels |i) <> |j). T¢ is the tunnel-
ing coupling strength between the transition |3) + |2).
The dynamics of the QDM system can be described by a
master equation of the density operator
ap
5 =

where Zp describes the dissipation of the system. Combin-

—i[H,p]+Zp, 2)

ing Eqgs. (1) and (2), it is straightforward to further obtain the
following density matrix equations:
P21 = iy (P11 —p22) —i(Ap —ip)p21 +iTeps1, 3)
P31 = iTepar —iQ2pp30 — i(Ap + W32 — i93)p31 +1Qcpar,(4)
P41 = —i1Qppar +1Qcp31 — i(Ac+Ap + @32 — i4)pa1, (5)
with 7; being the total quantum dissipation of the energy-level

i) including decay rate and dephasing rate. Under the condi-
tion of a weak probe field £, < ., T; and the initial condition

of p11(0) =1 and p2; (0) = p32 (0) = paz (0) =0, we solve the
above equations and obtain the steady-state solution

2, (130~ 22)

= 6
P21 TQEH_EQCZ_HTCZ’ (6)

where b = Ay, —ip, G =Ap+ w3 — iy and Iy = A. + Ay +
@3y — 17Ys. We know that the polarization of the present system
is determined by B, = Nui2p21 = €XpEp, where N =1T"/V
is the electronic number density, V is the volume of a single
quantum dot. Then we can obtain the susceptibility of the four-
level system to the probe field

_ Tlul pa

= = 7
P ven Q) @

with ), = % + i%p. The real part %Y and the imaginary part
X;I) describe the dispersion properties and the absorption prop-
erties of the system, respectively. In our analysis, the realistic
experimental parameters for InAs self-assembled QDMs are
under consideration.’”) I" = 6 x 1073 is the optical confine-
ment factor, and the QDM surface density is 2 x 101 cm—2.

Fig. 1. (a) Diagram of the four-level QDM system with a probe field
and a driving field. The electron and hole are shown by & and &, re-
spectively. (b) Schematic propagations of driving field and probe field.

In the slow amplitude approximation and the steady-state
regime, the dynamic response of the probe field can be de-
scribed by Maxwell’s equation

JE im i
sz =4 (% +12p) Ep. ®)

with A, being the wavelength of the probe field. Therefore, the
transmission function of the probe field with interaction length
L is derived as

T(x)= e—%,gL/Zo ei%f}L/Zo7 9)
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where zg = V&, / (7l |12 1) is treated as an unit for L. The
first term e /% and the second part el L/ represent the
amplitude and phase component, respectively. By solving the
Fourier transform of T (x), we can obtain the diffraction inten-
sity of probe field, which is given by

, sin’(MzA sin6,/A,)

1,(6,) = |E(6 , 10
p(6:) = |E(6n)] Mzsinz(n'/\sinen/lp) (10)

with the intensity in a single period as
E(6,) = [y dxT(x)exp(—i2mxAsin®,/4,). (1)

Here, n = A sin 6, /4, is the diffraction order; 6, denotes the n-
order diffraction angle of x-axis with respect to the z-direction,
and M stands for the number of space period in x-axis.

To realize PT antisymmetry and the lopsided and con-
trollable higher-efficiency diffraction, the periodically spatial
modulation to driving detuning A (x) is rewritten as

Ac (x) = Ao+ S Acsin (27x/A ) (12)

where A is the constant detuning and § A, describes the mod-
ulation amplitude of detuning. As shown previously,?®! the
extra spatially modulated lasers are applied to induce the AC
Stark effect, which could realize a periodic change of energy
shift of state |[4). It is expected that the combination of pe-
riodic modulation of €. and A, can realize PT antisymmetry
in the quantum dot system, where the symmetric absorption
and antisymmetric dispersion, i.e., xp (x) = —x, (—x), and the
complex refractive index with n(x) = —n* (—x) via the rela-
tion n ~ 1+ xp/2 are reached and the interesting results will
be achieved.

3. Result and discussion

In the following, all physical parameters are measured in
terms of decay rates 9 and the actual experimental parame-

ters of InAs self-assembled QDMs are selected with y» = ¥4 =
103y = 10 peV.5® We first discuss the influence of driv-
ing detuning A. on the distribution of the system suscepti-
bility xp, transmission |7 (x)| and diffraction intensity I,(0)
in Fig. 2, where the corresponding parameters are given by
A =0,T.=2 Q=4 p=mpu=1=10y L= 20z,
M =10, A/A, =4, (al)—(a3) Ao = 20, 6A. =0 and (b1)-
(b3) Aco = 0, 6Ac. = 20. When the detuning of the driving
field consists only of constant detuning A.p = 20, A, = 0, as
shown in Figs. 2(al)-2(a3), we can see that absorption (red-
dashed) and dispersion (blue-solid) are even functions of co-
ordinate x. As is expected, the probe field is diffracted sym-
metrically in both positive and negative directions and high
efficiency at first-order diffraction. Differently, it is clear from
Figs. 2(b1)-2(b3) that the absorption is a symmetric function,
but the dispersion becomes an antisymmetric function when
Ao =0, 6A; = 20. The PT antisymmetric region is formed
due to the mutual modulations between driving detuning and
standing-wave driving fields. In this region, transmission and
diffraction shown in Fig. 2(b) greatly change compared with
Fig. 2(a) and lead to the formation of asymmetric diffraction
which only contains positive angles. It is obvious that QDM
can successfully diffract a probe beam only in the positive di-
rection under the action of PT antisymmetry. Compared with
Figs. 2(a3) and 2(b3), we can see that the first-order diffrac-
tion of the classical symmetric grating can reach 0.168. How-
ever, under the condition of the same parameters, the asym-
metric grating can reach 0.26, and the second-order diffraction
can reach 0.164. Therefore, the grating with an asymmetric
diffraction pattern could be achieved by introducing the mod-
ulation of driving detuning and meanwhile the diffraction effi-

ciency is greatly improved.

R 1.0 0.18F i
0.201 (al) Xi 0.8k \/\/ 0.15} (a3)
. 9 .
0.15 = o6l (a2) < 012
> 0.10 0.4l :é 0.09t
’ 0.06
0'05 0.2- 0'03 A J; ‘A»
. A A A
v 0—2 —1 0 1 071.0 —0. 0 0.5 1.0
z/A sinf
1.0 0.30
0.8} (b2) 025 (b3)
= 06} s 0201
= 4 0.15¢
= 0. 0.10}
0.2¢ 0.05}
. ] 0 . . . 0 . A A
—1.0 —-0.5 0 0.5 1.0 — —1 0 1 —1.0 —-0.5 0 0.5 1.0
z/A x/A sinf

Fig. 2. Absorption X}I, and dispersion xplf, transmission |7'(x)| and diffraction patterns ,(6). The corresponding parameters are given by A, =0,
T.=2,Q=4p=0%=1=103y, L =20z, M =10, A/, =4, (al)~(a3) Acp = 20, 5A. = 0 and (b1)~(b3) Ay =0, A = 20.
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Next, we focus on the influence of tunneling strength T
and Rabi frequency €y on diffraction intensity. The Fraun-
hofer diffraction patterns versus sin 0 for the different parame-
ters are illustrated in Fig. 3 with L = 257y, Ao =0, 6 A, = 25,
and the other parameters as same as those in Fig. 2. As can
be seen from Fig. 3(a), for the small tunneling intensity with
T. = 1, the diffraction of the probe field appears in the third-
order direction, and its diffraction intensity can reach 0.134.
Increasing tunneling strength to 7. = 1.3 and T, = 2, the
diffraction intensities in second-order and first-order diffrac-
tion peaks are 0.24 and 0.45, respectively. For the large tun-
neling strength of 7, = 3.3, the diffraction gradually tends
to the center, and the intensity of higher-order diffraction is
very small. The reason for this phenomenon is that the dis-
persion of the medium to the probe field decreases with the
increase of tunneling intensity, which makes the diffraction
tends to the zero-order direction. In contrast, when the Rabi
frequency is small, the energy is concentrated in the central
diffraction at 29 = 1.3 [see Fig. 3(b)]. As the £ continues
to increase to 2, 3.5, and 4.6, the diffraction intensity gradu-
ally approaches the higher-order direction with values of 0.45,
0.24, and 0.139, corresponding to first-order, second-order,
and third-order diffraction, respectively.

Now we check into the effects of the modulation ampli-
tude 8A. of driving detuning and Rabi frequency £ on the
diffraction intensity of the asymmetric diffraction grating. The
intensity of the diffraction peak 7,(6,) (n = 1,2,3) in Fig. 4
is based on the positive direction diffraction. We first ana-
lyze the first-order diffraction in Fig. 4(a). It is obvious that
the first-order diffraction intensity has a high value near the
Q) = 3, and increases with the modulation amplitude §A.. At
Qy = 3.1, A, = 30, the diffraction intensity can reach the
maximum value 0.462, and the second-order and third-order
diffraction intensity is close to 0, which indicates that the en-
ergy of the probe field is well concentrated in the first-order di-
rection. As £y continues to increase, the first-order diffraction
intensity gradually decreases to 0 and is not changing at the
end. Second-order and third-order diffraction exhibit similar
variations to the first-order diffraction, as shown in Figs. 4(b)
and 4(c). The difference is that the second-order diffraction
is accompanied by a less intense diffraction region, and the

third-order has two regions. This is because the diffraction
peak is very sensitive to the value of A, and €2y, and with the
increase of €2y, the dispersion of the medium to the probe field
increases gradually, which causes the diffraction intensity to
shift to the higher-order direction so that the diffraction peaks
exhibit similar oscillatory behavior. In addition, by controlling
O0A. and £, we can obtain high-order diffraction with high
efficiency, in which second-order diffraction can reach 0.249
and even the third-order diffraction can achieve a diffraction
intensity as high as 0.145.

As an asymmetric diffraction grating, it is vital to know
how to control its diffraction direction. Thus, last but not
least, we discuss the factors that influence the diffraction

0.45
0.40
0.35
0.30
0.25
0.20

0.15

0.10

0.05

0.45
0.40
0.35
0.30
& 0.25
0.20
0.15

0.10
4.6 1.0

0.5 0.05

0.5 6ing
1.3-1.0

Fig. 3. The diffraction intensity I,(6) versus the coordinate sin at
different 7, and Q2 with L = 25z9, Aco = 0, 8A. = 25, (a) 2y = 3,
(b) T. = 1.5, and the other parameters as same as those in Fig. 2.

30 I,(61) 30 n I,(02) 30 I,(0s)
0.46 (b) A o014

g 0.28 E 0.15 E 0.09
10 0.18 10 0.10 10 0.06
0.09 0.05 0.03

0.00 0.00 0.00

2.5 5.0 7.5 10.0 2.5 5.0 7.5 10.0 2.5 5.0 7.5 10.0
.Qo Qo QO

Fig. 4. The peak diffraction intensity /,(6,) depending on the modulation amplitude §A. and Rabi frequency €2y, where the parameters are
T. =2, L =25z, Aco = 0 and the rest parameters are same as those in Fig. 2.
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1.0 1.0
0.5 0.5
Z of E  of
2] 2}
—0.5 —0.5
—1.0 —1.0
1.0 1.0
0.8 0.8
0.6 0.6
5 0.4 2 0.4
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—0.2 —0.2
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Fig. 5. The diffraction intensity /,(0) as a function of sin 8 and L with Ao = 0, [(al), (a2)] A = 25, [(b1), (b2)] §Ac = —25, where the other

parameters are the same as those in Fig. 2.

direction of the asymmetric diffraction grating. Figures 5(al)
and 5(bl) show that the diffraction intensity changes with the
interaction length L and sin 6. It is shown in Fig. 5(al) that
a diffraction pattern only has positive angle diffraction, which
is realized by the modulation of absorption and dispersion re-
lations in Fig. 5(a2) (6A. = 25). On the contrary, Fig. 5(b1)
shows the diffraction pattern with negative angles, which is
formed by the absorption and dispersion coefficients modu-
lated in Fig. 5(b2) (6A; = —25). For the present QDM sys-
tem without gain, the positive and negative amplitude modu-

lation of the detuning cannot change the symmetry of absorp-
tion modulation. Fortunately, by comparing to Figs. 5(a2) and
5(b2), we can see that the change of the modulation amplitude
of the driving detuning causes the switch of the positive and
negative relation of the dispersion, which changes the direc-
tion of the diffraction from the positive angle to the negative
angle. It is obvious that the diffraction direction of an asym-
metric grating based on PT antisymmetry is mainly dependent
on the spatial relation of the dispersion symbol, and it can be
easily manipulated by simply changing the symbol of the mod-
ulation amplitude of the driving detuning. On the other hand,
it can be seen from Figs. 5(al) and 5(b1) that, with the increase
of the interaction length L, the diffraction intensity moves to-
wards the higher-order direction due to the increasing phase
modulation.

4. Conclusion

In conclusion, the asymmetric diffraction grating with
higher diffraction efficiency is studied in the system of dou-
ble quantum dots. Combining the tunneling effect between

two quantum dots and the spatial modulations of the driving
field and driving detuning, the system exhibits the complex re-
fractive index with n (x) = —n* (—x). Then, the optical PT an-
tisymmetry appears in such a system, which is responsible for
the preparation of lopsided diffraction grating. It is obvious
that the diffraction intensity in high-order direction exceeds
that of the traditional symmetric grating and can be easily ad-
justed by changing the driving strength, detuning, tunneling
strength, and interaction length. Our research provides a feasi-
ble scheme for greatly improving diffraction efficiency and ef-
fectively controlling diffraction direction, which is conducive
to various applications of quantum information processing and
optical transmissions.
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